, I. Ayala [b] , D. Silverman [b] , S. Hafner [c] , A. S. Galstyan [a] , E.W. Knapp [a] , G. Only when the azide replaces the water ligand at the Mn-complex we obtained a geometry of the azide Mn-complex, which is consistent with the present NMR data. This indicates that the water molecule ligating to the Mn-complex is removed and the azide is placed at this position. As a consequence the azide forms an H bond with Gln143 instead with Tyf34, in contrast to non-19
Introduction
In course of aerobic metabolism, reduced forms of dioxygen, the superoxide radical anion (O 2 -) and hydrogen peroxide (H 2 O 2 ), are generated mostly in mitochondria. These are cytotoxic, attacking for instance the unsaturated fatty acid components of the membrane lipids and DNA. Mitochondrial manganese superoxide dismutase (MnSOD) appears to be responsible to protect these organelles and other components of the cell from oxidative damage by catalyzing the decay of superoxide [1] [2] [3] [4] [5] [6] [7] . The protection of aerobic cells against superoxide and peroxide occurs in two subsequent reactions and involves two different enzymes, where O 2 − is completely reduced to non-toxic products: In the first reaction the superoxide radical is converted by superoxide dismutase (SOD) into hydrogen peroxide and oxygen; in the second reaction the peroxide is converted by catalase to oxygen and water.
SODs can be divided into different classes depending on the metal complex used for catalysis:
Manganese-and iron-containing SODs are very similar in structure and catalytic mechanism. [8] [9] [10] [11] They are found in prokaryotes (Mn, Fe), in mitochondria (Mn), and in plants (Fe) . In humans MnSOD is a homotetramer of four identical SOD units with a molecular weight of 22kD per monomer. SODs carry out catalysis by cycling through different oxidation states of the metal complex: Fe(III,II) or Mn(III,II). The scheme below shows a simple mechanism for the conversion of superoxide to peroxide that pertains to SODs. [12; 13] The coordination geometry of the manganese complex in human MnSOD is trigonal bipyramidal, with three histidines, one monodentate aspartate, and one water as ligands. [14; 15] As it was shown in experimental [16] and theoretical studies, [17] the Mn water ligand is an anionic OH − for the oxidized Mn-complex, which is protonated after reduction yielding neutral H 2 O.
The catalytic activity of MnSOD is high (k cat /K m ≈ 10 9 M -1 s -1 i.e. near the limit of diffusion control). [18] The efficiency of the enzyme requires high substrate accessibility for the active site and an open and exchangeable coordination position at the Mn-complex to allow for possible inner sphere electron transfer and subsequent rapid protonation of the peroxide anion. The proposed reaction mechanism of Stallings et al. [12] assumes that an intermediate complex forms in which the O 2 − radical is a direct, inner sphere ligand of manganese. Because of the short-lived and transient nature of such an intermediate complex, it is difficult to directly support this hypothesis, for example by a crystal structure of the corresponding enzyme-substrate complex. Alternatively, a substrate analogue, which binds to the Mn-complex, can be used to gain information. In case of the MnSOD, the azide anion
) is a suitable substrate analogue and inhibitor. It appears to bind weakly to human MnSOD with a binding constant of 2.2 mM. [19] Crystal structures of FeSOD from E. coli at 1.8 Å (R = 0.186) resolution and of MnSOD from T.
thermophilus at 1.8 Å (R = 0.179) resolution were measured by Lah et al. [20] . Both structures reveal an azide as sixth ligand bound at the metal in a distorted octahedral geometry. The positions of the distal azide nitrogen atoms differ in FeSOD and MnSOD. In the MnSOD crystal structure, the azide is found as direct ligand of manganese and forms a hydrogen bond with the hydroxyl group of Tyr34.
The ligand-metal-ligand angles show different binding modes of azide in MnSOD. The different geometries of the metal-azide species suggest a reaction mechanism for SOD in which the metal alternates between five-and six-fold coordination. Because of the differences in azide binding mode between MnSOD and FeSOD, and a possible relationship between azide and substrate binding, these binding modes need to be more completely understood. In particular, it is not proven that azide always binds directly to manganese in MnSOD as discussed for MnSOD from E. coli. [21] In recent years, the thermochromic character of the azide ligated Mn-complex in MnSOD became evident. Accordingly, at low temperatures the Mn-complex is six-fold coordinated, while at elevated temperatures (transition temperature at about 200 K) it converts to a five-fold coordinated form. [21; 22] Other data show the presence of six-fold coordinated MnSOD still at room temperature. [20] It was also suggested that either the ligand Asp167 or water is dissociating with increasing temperature. [21] [22] [23] More recently, the azide was shown [24] to dissociate from the Mn-complex at room temperature.
As discussed above one cannot completely clarify the azide binding mode to Mn from the MnSOD crystal structures. To shed light on this problem we present an effective and jet simple method to study the azide binding to human MnSOD by solid state NMR spectroscopy. [25] The 19 F-labeled enzyme that we used was a mutant of the human MnSOD employed in previous liquid state NMR studies by some of us, [26] in which all tyrosine residues except Tyr176 were replaced with 3-fluorotyrosine. Tyr176 was replaced with phenylalanine. Since the latter is far from the active site this should not influence our study (see materials section below). Wild-type human MnSOD contains nine tyrosine residues, one of which, Tyr34, is located in the active-site with its side chain oxygen at about 5 Å from manganese. The electron density maps of fluorinated human MnSOD obtained by X-ray crystallography reveal that all side chains of 3-fluorotyrosine-34 (in the following abbreviated as Tyf34) have the same conformations as in the wild-type structure. N couplings is an additional high enrichment of the sample with 13 C. This allows the use of specialized 2D REDOR sequences (e.g. FRESH) [43] to obtain site specific information.
For the geometry determination the selection of the optimal azide isotopomers is crucial. The following points have to be considered: (i) the labeling scheme should give an unambiguous structure;
(ii) the number of necessary isotopomers should be minimized; (iii) the chemical synthesis should be easy and cost efficient; (iv) the measured dipolar couplings should be in a range, where the REDOR experiments exhibit high sensitivity and yield accurate distances and (v) the often time consuming
synthetical efforts for the substrate should be minimized. [61] or MS REDOR [62] can be employed. However, the latter procedure goes along with substantially longer measuring times.
The rest of the paper is organized as follows. First, a description of our experimental setup is given, followed by a brief survey of sample preparation and characterization and an overview about computational methods and calculations. Subsequently, the experimental results are presented, discussed and finally summarized.
Methods

Solid State NMR Spectroscopy
All solid state NMR measurements were performed at room temperature on commercial Varian
InfinityPlus 500 and 600MHz NMR spectrometers operating at fields of 11.7 and 14 T.
For the heteronuclear distance measurements a variant of the REDOR [40] experiment was chosen, where the REDOR spectra were recorded after applying the recoupling pulses in the non-observed (dephasing) channel and the echo pulse in the observe channel was given in the center of the sequence.
The recoupling pulses were phase cycled according to the xy-4 or xy-8 phase scheme. [63] [64] [65] Owing to sample degradation we could measure only at two dephasing times.
15
N-CP-MAS spectra were recorded at 14 T. Residual 1 HX dipolar couplings were suppressed using TPPM decoupling [66] with a B 1 field of 50 kHz. Ramped amplitude cross-polarization (RAMP-CP) [67] was used to enhance the CP efficiency at high spinning rates. 
Data evaluation of REDOR experiments
The basic theory of the REDOR experiment for two-spin 
MnSOD Sample and Preparation
The fluorinated human MnSOD investigated was expressed in E. coli grown in minimal media supplemented with 3-fluorotyrosine. 
Computational Methods
In order to model the azide bound to the Mn-complex in MnSOD we used the crystal structure of human MnSOD with fluorinated tyrosines, which is available at high resolution of 1.85 Å.
[74] The
MnSOD crystal structure consists in two monomers per unit cell (chain A and chain B) with RMS deviation between these two chains of around 1.43 Å (without hydrogen atoms). We arbitrarily took the atomic coordinates from chain A. Since hydrogen atoms are missing in the crystal structure, we generated them using H-build from CHARMM27 [75] that adds hydrogens according to topological information, followed by geometry optimization of hydrogen atom positions while the crystallographic coordinates of all other atoms were fixed.
Quantum-chemical computations were performed with the DFT B3LYP functional [76] [77] [78] [79] as implemented in Jaguar version 5. The Mn-complex models were geometry optimized in vacuum by quantum chemical energy minimization using LACVP basis set and effective core potential for
Mn [80] and 6-31G basis functions for the other atoms. In total, we performed three series (I, II, III) of geometry optimizations with different geometric constraints as explained below.
Series I and II. In series I and II the model structure of the azide-Mn-complex was generated by inserting the azide molecule as a sixth ligand into the MnSOD active center of the crystal structure [74] using the azide related structural information of the MnSOD crystal structure from T.
thermophilus. [20] Our model of the Mn-complex includes the residues His26, His74, His163, Asp159,
belonging to the first ligand-sphere, as well as Gln143 and Tyf34 from the second ligand-sphere ( Figure 3 ). Although polypeptide backbone atoms were excluded from the model, the C α atoms of the considered residues were used as virtual atoms X α to stabilize the residue conformations during geometry optimization. Additionally, for Gln143 the -C β H 2 -group was truncated, while the C β atom was used as virtual atom X β . Aliphatic groups were truncated by substituting them by hydrogen atoms H T .
Figure 3:
We consider the Mn-complex in the oxidation states Mn 2+ and Mn
3+
. In both oxidation states the MnSOD was found to be in the high spin state.
[81] Therefore, we used total spin of S=2 and S=5/2 for the Mn 2+ and Mn 3+ redox states, respectively. The series I and II computations differ in degree and character of the geometric constraints used for the quantum chemical energy minimization. While in series I the constraints reflect implicitly the presence of the protein environment that restricts the mobility of the Mn-complex ligands drastically, constraints in series II allow for structural relaxation to a larger extent. In this way it is possible to indirectly see how the protein matrix constrains the Mncomplex geometry.
In series I the following constraints were applied during geometry optimization: We fixed (i) the His26, His74 and His163 C β and C γ atom positions and the corresponding dihedral angles X α -C β -C γ -N δ ; (ii) the Asp159 C β atom position and the corresponding dihedral angle X α -C β -C γ -O δ , (iii) the Gln143 C γ atom position and the corresponding dihedral angle X β -C γ -C δ -O ε , (iv) the Tyf34 C β , C γ , C δ1 , C δ2 , C ε1 , C ε2 and C ζ atoms. Additionally, all H T hydrogens and virtual atoms were fixed. In series II only those dihedral angles were fixed, which do not include hydrogens, azide nitrogen atoms or virtual atoms (see the input files in Table S1 and S2 of supporting information). First, azides were inserted in both MnSOD monomers of the crystal structure of human MnSOD with fluorinated tyrosines [74] such that the coordinating azide nitrogens were placed on the positions of the water ligand oxygens at a distance of 4.2Å between F Tyf34 and the N azide proximal to Mn and F Tyf34 .
Subsequently, these azides were oriented to yield ϑ angles of ~90°. For a definition of the angle ϑ see Fig. 3 below. As will be shown in the Results section, the proximal N azid to F Tyf34 distance was determined experimentally to be ~4.85Å, and the ϑ angle to be ~90°. These initial azide conformations in the MnSOD crystal structure are energetically unfavorable because of steric clashes, unless the protein environment is able to relax. For that reason the MnSOD structure of both monomers was fully optimized using the CHARMM force field, while all crystal waters were removed to leave more space for relaxation of the protein structure. For the residues considered in this geometry optimization the RMS deviation between the MnSOD structures before and after minimization is about 1Å.
Although usage of a classical force field is important to obtain a relaxed protein structure, however, it may be insufficient to treat the Mn-complex appropriately. The force field cannot describe the σ-/π-bonding of Mn−ligand interactions. Therefore, it is necessary to geometry optimize the Mn-complex furthermore by quantum chemical methods. For this purpose, we arbitrarily took the atomic coordinates from chain A of the dimeric MnSOD crystal structure. The corresponding starting structure for DFT calculations of the Mn-complex in MnSOD includes from the first coordination sphere the ligands azide, His26, His74, His163, Asp159 and from the second coordination sphere Tyf34, Gln143, Trp123, Trp161. Like in the series I and II models the backbone atoms were substituted by X α virtual atoms placed on the C α positions. Only in case of Trp161 C α H and -NH 2 from the polypeptide backbone were considered explicitly because of hydrogen bond possibilities between NH 2 and Asp159. Here, the carbonyl atom of the Trp161 backbone was exchanged by a virtual atom X. Truncated molecular groups were substituted by H T hydrogen atoms. We considered the oxidized form of the azide Mn 3+ SOD complex in the high spin state (S=2). The starting structure was optimized quantum chemically using the following constraints: (i) in first ligand sphere all X α -C β bond lengths and X α -C β -C γ bond angles were fixed, (ii) in the second ligand sphere the positions of all C β and for Trp161 also the Cγ atom were fixed (see input file in Table S5 of supporting information). 
Results
F MAS and 15 N-CPMAS spectra
REDOR distance measurements
In lines overlap in this case, the achievable maximum dephasing is given by the stoichiometry of the sample as nominally 12.5%. The integral of the largest signal close to 17ppm, which has the best S/N ratio, was used for the data analysis. Tests where all side bands were integrated did not give significant differences in the dephasing.
Discussion
For the interpretation of the REDOR spectra, it was necessary to calculate the influence of Recently, [24] combining experimental and computational data, a temperature dependent dynamical equilibrium was found for the active site in MnSOD crystals from Escherichia coli, where at low temperatures the azide-anion is coordinated to the Mn-complex as sixth ligand, while at room temperature it dissociates from the Mn-complex, but remains H-bonded to Tyr34. According to our NMR data at room temperature we can conclude that azide is H bonded neither to Tyf34 nor to His30, since this would result in N azid -F Tyf34 distances smaller than 4 Å. Alternatively, the azide might be located in the water funnel where it forms H bonds with water, but this likely leads to disordered conformations, with no definite geometry. Surprisingly, the solution of this puzzle seems to be that at room temperature the azide substitutes the water (H 2 O/OH -) ligand at the Mn-complex. The computations of series III show that placing azide at the position of the water ligand the geometric data derived from NMR-spectra can be reconciled (Fig. 8 ).
Summary and Conclusion
The present study shows that dipolar solid state NMR spectroscopy is a valuable tool for functional studies of large biomolecules such as MnSOD. Employing a well-chosen isotope-labeling scheme it is possible to determine the distance and relative orientation of the azide inhibitor inside the active site of MnSOD with very high precision. These distance data can be employed as input to determine by molecular modeling the exact position of the inhibitor in the active center of MnSOD.
The agreement of the data recorded without Crystal structures of the active site environment of human MnSOD (adapted from ref. [27] ). The wild-type MnSOD (green carbon atoms) is superimposed with 3-fluorotyrosine MnSOD (yellow carbon atoms with fluorine atoms in light blue) in which the nine tyrosine residues have been replaced. The apparent H-bond pattern (grey spheres) between the manganesebound water MW1, side chains of Gln143, Tyr34, Tyr166, the crystal water HOH407 and His30 are conserved in both crystal structures. [27] The residues Tyr34 and His30 are located at the base of a solvent-access funnel, filled with water. 
